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Since the demonstration by Prosser (1940) of the unusual sensitivity to acetyl-

choline (Ach) of the isolated heart of the bivalve molusc, Venus mercenaria, we
have extensively employed this preparation for the bio-assay of Ach in tissue extracts

(e.g. Welsh, 1943; Welsh and Hyde, 1944a and b; Prajmovsky and Welsh, 1948).

In certain respects it is superior to the classical Ach assay preparations such as the

dorsal muscle of the leech, rectus abdominis of the frog, isolated frog heart, and

blood pressure of cat. For example, it is more sensitive to Ach, with complete in-

hibition occurring at about 50 times the threshold inhibitory concentration
;

it is rela-

tively unaffected by changes in pH, inorganic ions, and tissue constituents other than

Ach
;

it recovers quickly, thereby allowing more rapid estimation than the above-

mentioned preparations.
While employing the Venus heart for bio-assay, its responses to a variety of

drugs, organic compounds, and inorganic ions have been studied and, in particular,

to a series of choline esters and analogs this in the hope of obtaining evidence to-

ward a better understanding of the fundamental mode of action of Ach. An organ
with a high specificity for choline esters, exhibiting a response which is easily quan-

tified, and which has so little self-contained cholinesterase that blocking of this

enzyme is not necessary when working at great dilutions of the unstable esters,

provides a suitable object for studying certain aspects of the mechanism by which

Ach acts on cells.

The present paper has two purposes : ( 1 ) to indicate the methods of preparing
and employing the Venus heart for the bio-assay of Ach, and (2) to compare the

effects of other choline esters and related compounds which differ in greater or less

degree from the Ach molecule.

METHODSOF PREPARINGAND USING THE HEARTSFOR ACH ESTIMATION

An earlier paper by Wait (1943) covers some of the necessary procedures for

preparing the isolated Venus heart for Ach determinations. For convenience, how-

ever, the steps which we employ from the securing of appropriate test animals

to the quantitative estimation of Ach in tissue extracts will be outlined.

Venus mercenaria (the hard shell clam or quahog), being an important com-

mercial shellfish along the Atlantic Coast, are usually available where shellfish are

sold. They remain edible for some weeks after digging or dredging, if maintained

under refrigeration, but. after one to two weeks the hearts of such animals tend to

beat with an irregular rhythm ;
it is important, therefore, to obtain experimental

1 This investigation was supported in part by a research grant from the Division of Research

Grants and Fellowships of the National Institute of Health, U. S. Public Health Service.
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material from a source where the previous history is known - and to use this ma-

terial within one to two weeks after removal from the sea. Venus with a shell

length of 8 to 12 cm. have been found of most convenient size. In the laboratory

they may be stored dry at 5-10 C, or preferably kept in shallow tanks of aerated

sea' water, at 15-18 C.

The heart is exposed by breaking and removing the dorsal portion of the shells

(umbos and hinge) and then cutting away the mantle and pericardium dorsal to the

heart. The heart consists of a single, median ventricle with laterally disposed, thin-

walled atria (auricles). Anterior and posterior blood vessels leave the heart in

close association with the intestine which passes through the heart. Threads for

attaching to a support in the bath and to the writing lever may be passed under the

atria and tied close to the ventricle in order to include some of the thicker-walled,

ventricular muscle. Cutting the atria distal to the threads, and cutting the blood

vessels and intestine, isolates the ventricle which may then be placed in an appro-

priate heart bath. Only the outer surface of the heart is directly exposed to mate-

rials introduced into the bath, but cannulation of the heart and introduction of Ach

into the ventricle does not increase its sensitivity.

The bath figured by Wait (1943) is satisfactory unless temperature control is

desired (e.g. when working in a room above 20 C., or when maximum sensitivity

is required) ;
then a bath with a water jacket through which water of an appropriate

temperature (15-18 C.) is circulated may be employed, or the heart bath may be

placed in a larger temperature-controlled vessel. It is necessary that provision be

made for changing the fluids of the heart bath without draining the bath and sub-

jecting the heart to undue mechanical disturbance. A bath holding 10 ml. when

filled has been found appropriate.

An analysis of the inorganic salts of the blood of Venus mercenaria by Cole

(1940) showed only small differences in comparison with sea water. It is not sur-

prising, therefore, that sea water is an adequate perfusion fluid for the isolated

heart, allowing a regular beat to be maintained for 2-3 days. Where natural sea

water is not available, an artificial perfusion fluid may be used and several have been

tried, with differing ratios of the common ions, without noting any appreciable

effects on the heart until radical departures from the normal concentrations of the

common ions are made. A fluid found satisfactory has the following composition :

30 gm. NaCl; 0.9 gm. KC1 ;
1.1 gm. CaCU;

3.5 gm. MgSO4 -3H 2O in one liter

of water with a phosphate or bicarbonate buffer (pH 7-7.5). Changes of pH
between 6 and 8.5 have little or no effect on the amplitude or frequency of beat, or

on the response of the heart to acetylcholine for periods of time up to several hours.

Oxygen may be supplied by air or a mixture of 95 per cent O2-5 per cent CO2

passed through the bath. The bubbles should be small to avoid mechanical disturb-

ance to the heart. The gas mixture or air may be admitted to the bath through the

hooked support for the lower attachment of the heart if this is made from glass tub-

ing drawn out to a fine tip. The heart lever should be counterweighted to give a

pull of 200-300 mg. A kymograph speed of about 2 cm. per minute is desirable.

Substances to be tested may conveniently be added at the bottom of the bath by

2
E.g. Supply Department, Marine Biological Laboratory, Woods Hole, Mass., or a whole-

sale dealer in shellfish.
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means of a long hypodermic needle bent at a right angle ;
the volumes added should

be small (1 ml. or less).

In estimating the Ach content of a tissue extract, a dilution should be found that

gives between 20 and 80 per cent decrease in amplitude of beat at the end of one

or two minutes. This should be matched, preferably twice, with known concentra-

tions of Ach, after which appropriate calculations will give the Ach equivalent per

gram of tissue. A sample record is shown in Figure 1. If it is suspected that sub-

stances in the tissue extract other than Ach are affecting the heart, it may be de-

sirable to treat a portion of the extract by the addition of NaOHand warming in

order to destroy the Ach present, and after neutralizing with HC1, to use this to

make up the last dilution of Ach prior to adding to the bath.

Treatment of a heart with an anti-cholinesterase (physostigmine, neostigmine or

di-isopropyl fluorophosphate) may potentiate the action of Ach two to five times.

This small degree of potentiation is undoubtedly due to the low level of cholinesterase

activity in these hearts (Smith and Click, 1939; Jullien et al., 1938). Because the

untreated heart is so sensitive to Ach (threshold for inhibition is usually between
10~ 10 and 10" 11

gm. per ml.), and because recovery after Ach is slowed by treat-

ment with an anti-cholinesterase, it is normally undesirable to employ this means
for increasing sensitivity.

Occasionally hearts are encountered which fail to beat or which beat with a low

amplitude. Although adrenalin and tyramine have been found to be excitants in

relatively high concentrations (5 X 10~ 5
to 10~ 4 M) their effects are quickly abol-'

ished by washing. On the other hand ergotoxine, ergotamine, and ergonovine have

been found to have a remarkably persistent excitatory action. For example, one

part per million of ergotoxine ethanesulfonate will frequently cause renewal of heart

beat, or an increase in amplitude of two to three times, in a heart with an abnormally
low amplitude. Treatment for a few minutes with one of these ergot alkaloids pro-
duces a change in the physiology of the heart which persists for many hours in

spite of repeated washings, while the response to Ach is affected but slightly. In

this connection it should be noted that the Venus heart is composed of smooth
muscle and its pharmacology is not unlike that of certain types of vertebrate smooth
muscle.

There is some seasonal variation in the sensitivity of Venus hearts to Ach, with

maximum sensitivity in the late winter and spring months (cf. Prosser, 1940;

Wait, 1943), but the change is probably not as great as indicated by Prosser. More

important to note is that in late summer there is a tendency toward irregularity in

beat. This is often so pronounced that accwaTe estimates of small differences in

Ach levels cannot readily be made in August and early September in the region of

Massachusetts.

THE ACTION OF CERTAIN CHOLINE DERIVATIVES AND RELATED COMPOUNDSON
THE VENUSHEART

The greatest gap in our knowledge concerning Ach is the precise manner in

which this physiologically active substance affects the excitability of cells. More de-

tailed studies of the mechanism of action of Ach are needed, and it would appear to

matter little what type of Ach-sensitive tissue or organ is used in these studies.

For many reasons the isolated heart of the quahog appears to be peculiarly suitable
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for such a study, and in this section of the present paper it will be shown that no

compound related to Ach has yet been found having as great an inhibitory action on

this organ as does Ach. It will also be shown that the methyl grouping around the

onium element is, in many respects, the most significant portion of the Ach molecule.

The typical effects of Ach on 'the Venus heart will first be described, and then

the relative activities of a number of common choline derivatives and certain re-

lated compounds will be discussed.

When Ach is added to a bath containing a beating Venus heart, which has re-

ceived no previous drug treatment, to give a concentration in the vicinity of 10" 11

to 10~ 10 M, a small increase in amplitude is sometimes observed. A similar stimu-

lating action of low concentrations of Ach on vertebrate hearts has been observed by
AlcDowall (1946) and others. At concentrations of Ach in the vicinity of 10~ 9 to

10 8 Ma negative inotropic effect is seen
;

and with increasing amounts of Ach the

amplitude of beat decreases until the heart stops in diastole at a concentration of Ach
about 50 times that which gives a just measurable decrease in amplitude. Thus the

range of concentrations from the threshold of inhibition to complete inhibition is

relatively narrow. The log-concentration-response curve is sigmoid, with the por-
tion between 20 and 80 per cent inhibition approximating a straight line. The in-

hibitory action of Ach on the Venus heart is more prominent and consistent than the

excitatory action of lower concentrations, but it seems probable, as pointed out else-

where (Welsh, 1948), that Ach first excites and then in higher concentrations in-

hibits or paralyzes this organ as it may do to all tissues or organs which respond to

Ach.

In Table I a summary is given of the relative inhibitory activities of a number of

compounds related to choline or Ach. The data shown in this table were obtained

by finding a molar concentration of Ach that would produce between 20 and 80 per
cent decrease in amplitude of beat of a given heart, and then the molar quantity of

a related compound that would produce a degree of inhibition exactly matching that

produced by the Ach. Each value shown for a given compound was obtained on a

different heart. The average values may be taken as a fairly precise indication of

the relative inhibitory effectiveness of these several compounds on the Venus heart.

Since cholinesterase activity in this organ is extremely low, anti-cholinesterases were

not employed, but the complications which may arise when stable choline esters are

compared with unstable in the presence of active cholinesterases are believed to be

minimal.

In commenting on certain of the more interesting facts given in Table I attention

may first be called to choline. Choline affects the isolated Venus heart in a manner

very much like that of Ach, except that it is far less active. When first applied
in low concentrations, the amplitude of beat may increase (Fig. 2, Curve 1).

Greater variation in the response of different hearts to choline was observed than

in the case of any other compound. This is illustrated by Figure 2, where con-

centration response curves for three different hearts are shown. The wide range
of values obtained when choline was compared with Ach may be accounted for by
individual variation in the response to choline, for it is obvious that if a match of

molar concentrations of Ach and choline producing 25 per cent inhibition were made
on the heart represented by curve 3, the relative value for choline might be 1000;
while a match of 25 per cent inhibition made on the heart represented by curve 2

would yield a value showing Ach to be perhaps 50,000 times as active as choline.
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TABLE 1

Relative molar quantities required to produce a decrease in amplitude of beat equivalent to that

produced by a molar quantity of acetylcholine chloride equal to 1

Choline derivative
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The several esters of choline which were tested and the one ether (ethoxycholine)
were all far more active than choline, with the exception of benzoylcholine which has

approximately the same level of activity. The presence of the ring structure at the

non-polar end of the molecule obviously affects the activity greatly. It is of in-

terest to note that the substitution of chlorine for a hydrogen atom of the terminal

methyl group in Ach to yield chloracetylcholine reduces the activity approximately
one thousand fold.

100
- 8 -7 -6 -

5
~

LOG MOLAR CONC. Of CHOLINE Cl.

FIGURE 2. Showing the extreme variation in response of three different isolated Venus
hearts to choline. Heart number 1 responded by an increase in amplitude to low concentrations

of choline while hearts 2 and 3 showed only a decrease in amplitude, but their sensitivities

differed markedly.

Betaine, a naturally occurring compound closely related to choline, is approxi-

mately equivalent to choline in its ability to depress the beat of the Venus heart,

while the ethyl ester of betaine was found to be considerably more active than

betaine.

A clear indication of the importance of the methyl groups attached to the nitrogen
was seen when triethylcholine and triethylacetylcholine were tested. In the highest

concentrations employed (10~
2

M), neither of these produced the slightest degree of

inhibition of heart beat. We have observed a similar striking difference in the

actions of the tetramethyl ammonium ion, which decreases the amplitude of beat of

the Venus heart, and tetraethyl-, tetra-n-propyl-, and triethyl-n-octyl ammonium
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ions, all three having an excitatory action only. These results obtained with the

quaternary ammonium ions will be reported more extensively in a separate paper.

Importance of the methyl groups attached to the onium element directs atten-

tion to this portion of the Ach molecule. It is apparent from the present study and
from similar earlier studies that different choline esters differ in their degree of

pharmacological activity. This is also true of the Venus heart, but they all produce
a characteristic decrease in amplitude. The substitution of ethyl for methyl groups
in choline and Ach yields molecules which are completely lacking in inhibitory ac-

tivity when applied to the isolated Venus heart. It has been indicated elsewhere

(Welsh, 1948) that this specificity of the (CH 3 ) :t
N group, the rapidity of action of

and recovery from Ach, and its activity in small amounts, suggest that Ach acts at

the surface of cells as a "trigger" to set off a reaction or chain of reactions in the

manner of an unstable coenzyme. Thus, the condition of the cell membrane is al-

tered and the cell excited and then depressed depending on the concentration and
time of action of the Ach. In further testing of this hypothesis, it is believed that the

isolated Venus heart will continue to provide an ideal experimental object.

SUMMARY

1. A method of preparing and employing the isolated heart of the quahog, Venus

mercenaries, for the bio-assay of acetylcholine (Ach) is described.

2. The activities of choline and certain choline esters
; of betaine and its ethyl

ester; and of triethylcholine and triethyl-acetylcholine on the isolated Venus heart

are compared. In further understanding the fundamental mode of action of Ach,
the most significant observation was that the substitution of ethyl groups for methyl
on the nitrogen of choline and Ach resulted in a complete loss of activity determined

by observation on the amplitude of heart beat.
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